Functional interactions between neurons, vasculature, and glia within neurovascular units are critical for maintenance of the retina and other CNS tissues. For example, the architecture of the neurosensory retina is a highly organized structure with alternating layers of neurons and blood vessels that match the metabolic demand of neuronal activity with an appropriate supply of oxygen within perfused blood. Here, using murine genetic models and cell ablation strategies, we have demonstrated that a subset of retinal interneurons, the amacrine and horizontal cells, form neurovascular units with capillaries in 2 of the 3 retinal vascular plexuses. Moreover, we determined that these cells are required for generating and maintaining the intraretinal vasculature through precise regulation of hypoxia-inducible and proangiogenic factors, and that amacrine and horizontal cell dysfunction induces alterations to the intraretinal vasculature and substantial visual deficits. These findings demonstrate that specific retinal interneurons and the intraretinal vasculature are highly interdependent, and loss of either or both elicits profound effects on photoreceptor survival and function.
Introduction
Neurovascular units consist of varying combinations of neurons, glia, pericytes, and the extracellular matrix, which interact with endothelial cells to regulate local blood supply. The importance of the neurovascular unit for maintaining local functionality and homeostasis in the CNS has recently received increased attention, since defects in neurovascular units are associated with a variety of CNS diseases, including stroke, Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, cerebral palsy, migraines, and mood disorders (1, 2) . Therefore, learning how neurovascular units are established and maintained may be crucial for understanding the basis of a host of neurodegenerative diseases and for developing therapeutic strategies for treating them.
The retina is an excellent model system for studying neurovascular interactions in the CNS, since formation of the retinal vasculature and neurons occurs in well-characterized, consistent, and reproducible temporal and spatial patterns. In addition, retinal neurovascular units can be directly visualized and assessed functionally using highly sensitive imaging modalities (3, 4) . Neuronal and vascular networks in the sensory retina are organized in a highly stratified and functional architecture, although the full extent of their integration is not completely understood. Phototransduction, the process of generating electrical signals from captured photons, occurs in rod and cone photoreceptor cells in the outer retina. Bipolar cells in the inner nuclear layer (INL) transmit the visual signals from the photoreceptors to the retinal ganglion cells, which send the integrated signal to the visual cortex. The INL also contains laterally interconnecting amacrine and horizontal cells that localize at opposite margins of the INL and form homotypic and heterotypic connections within the inner plexiform layer (IPL) and outer plexiform layer (OPL), respectively. Horizontal cells provide inhibitory feedback for cone-driven pathways, and amacrine cells have diverse physiologies and exhibit multifaceted connectivity throughout the IPL that allows them to preprocess and integrate visual signals and interpose temporal cues. In this study, we demonstrate another function for these retinal interneurons: promoting photoreceptor homeostasis through maintenance of the vasculature.
The vascular networks in the retina are architecturally optimized, albeit in species-specific manners, to sustain the extreme metabolic demands of retinal neurons -in particular, the photoreceptors. In primates and mice, the intraretinal vasculature consists of 3 interconnected parallel vascular plexus layers in the plexiform layers of the retina. In mice, the retinal vasculature forms as endothelial cells migrate from the optic nerve onto the retinal surface at birth and progress radially to form the superficial (or inner) plexus (4) . Around postnatal day 7 (P7), sprouting vessels descend and advance into the OPL, where they establish the deep plexus. At P11-P12 stages, sprouting vessels from the deep plexus ascend into the IPL and ramify to form the intermediate plexus. The proangiogenic stimuli that direct formation of the intermediate and deep (or outer) plexus layers are not completely understood and are likely distinct (5) . It has been suggested that oxygen and nutrient insufficiencies, induced as retinal neurons are born and mature, activate hypoxic responses via von Hippel-Lindau/Hypoxia-inducible factor (VHL/HIF) signaling pathways that drive the expression of proangiogenic factors, including VEGF and EPO (6, 7) . This concept is supported by 2 key pieces of evidence: HIF-1α is detectable at high levels in the developing retina, and conditional deletion in virtually all retinal cells of the murine peripheral retina prevents formation of the interme-Functional interactions between neurons, vasculature, and glia within neurovascular units are critical for maintenance of the retina and other CNS tissues. For example, the architecture of the neurosensory retina is a highly organized structure with alternating layers of neurons and blood vessels that match the metabolic demand of neuronal activity with an appropriate supply of oxygen within perfused blood. Here, using murine genetic models and cell ablation strategies, we have demonstrated that a subset of retinal interneurons, the amacrine and horizontal cells, form neurovascular units with capillaries in 2 of the 3 retinal vascular plexuses. Moreover, we determined that these cells are required for generating and maintaining the intraretinal vasculature through precise regulation of hypoxia-inducible and proangiogenic factors, and that amacrine and horizontal cell dysfunction induces alterations to the intraretinal vasculature and substantial visual deficits. These findings demonstrate that specific retinal interneurons and the intraretinal vasculature are highly interdependent, and loss of either or both elicits profound effects on photoreceptor survival and function.
Neurovascular crosstalk between interneurons and capillaries is required for vision
through VHL/HIF/VEGF signaling, to provide structural and trophic support to the vasculature, and perhaps even to prevent pathological neurovascular remodeling. These functions may be critical, since destabilized vascular networks in the retina are associated with dramatic visual defects (11) . There is growing evidence that blood vessels and proangiogenic mitogens contribute to the pathogenesis of multiple neurological diseases (1, 12) . Therefore, it is important to understand the mechanisms of neurovascular crosstalk and vascular maintenance in the retina.
In this study, we utilized conditional gene deletion and cell ablation approaches to demonstrate that amacrine and horizontal diate plexus. (5, 6, 8) . Inhibition of VEGF -which is transiently expressed throughout the developing INL -inhibits formation of the intraretinal vasculature (9, 10) . While there is a clear role for VHL/HIF and VEGF in regulating intermediate plexus development, the cells in the INL that are responsible for regulating these factors have not been identified.
We observed extensive interactions between horizontal cells and capillaries of the deep plexus, and between amacrine cells and the intermediate vascular plexus in WT adult mice. Thus, both cell types are ideally localized to serve as metabolic and oxygen sensors in the retina, to activate angiogenesis during development observed in the developing superficial (Supplemental Figure 3A ) or deep plexus layers in P23-staged mice ( Figure 2 , B and C). However, the conditional deletion of Vegfa resulted in severe attenuation of the intermediate plexus ( Figure 2B , bottom row). In order to better understand the mechanism of vascular attenuation in the Vegfa mutants, we quantified endothelial cell-sprouting events during key time points of intraretinal angiogenesis. The defect is not caused by inappropriate vascular sprouting from the superficial or deep plexus, or incomplete vascularization of the deep plexus (Figure 2 , C-F, and Supplemental Figure  3 , B-D). There were, however, significant differences in the number of branching events, the number of tip cells, and the number of filopodia on the tip cells of the sprouting vessels once they change direction and begin expanding within the intermediate plexiform layer (Figure 2 , G-J). Therefore, Vegfa inhibition in amacrine and horizontal cells inhibits endothelial cell-sprouting in the IPL and prevents normal vascularization ( Figure 2K and Supplemental Figure 4 ).
Vegfa gain-of-function in amacrine and horizontal cells induces massive neovascularization in the INL and IPL.
We also performed gain-of-function assays for VEGF in amacrine and horizontal cells by crossing Ptf1a-Cre mice with floxed Vhl (Vhl f/f ) mice to induce pseudohypoxia. Sprouting blood vessels in the Vhl mutants became diverted from their normal paths and stopped in the INL rather than continuing to the OPL (Supplemental Figure 5A ). As a result, an abnormally dense and multistratified capillary network formed in the intermediate plexiform layer at the expense of the superficial and, in particular, the deep plexus layer (Figure 3 , A-E, and Supplemental Figure 5B ). Abnormal vessels persisted as long as 20 months (Supplemental Figure 5C ), although some vascular pruning occurred and the number of branching points decreased with age (Supplemental Figure 5D ). The mechanism leading to this neovascular phenotype can most likely be explained by an upregulation of nondiffusible VEGF from pseudohypoxic amacrine and horizontal cells. Quantitative PCR (qPCR) experiments in Vhl mutants revealed an upregulation of all 3 VEGF isoforms, with the greatest change seen in the nondiffusible isoform (VEGF 188 ) that strongly binds the extracellular matrix ( Figure 3F ). However, in P15 Ptf1a-Cre Vegf f/f mice, soluble VEGF 120 is the most dominant and abundant isoform expressed, followed by VEGF 164 (P = 0.021646 for VEGF 120 , P = 0.04667 for VEGF 164 , P = 0.059891 for VEGF 188 ; Supplemental Figure 3E ). This could indicate that membrane-bound, rather than soluble, VEGF is more important for intermediate plexus development, or that neighboring neurons upregulate soluble VEGF to compensate for the genetic depletion. Collectively, these results indicate that VHL is required for regulating HIFs and the expression of specific VEGF isoforms at proper levels for retinal vascular patterning and maintenance.
HIF-1α/VEGF signaling is required in the IPL for development of functional neurovascular units. Since others have shown that the conditional deletion of Hif-1α in all retinal cells prevents formation of the intermediate plexus (5), we set out to determine if the deletion of Hif-1α exclusively in amacrine and horizontal cells was sufficient to phenocopy the effect. Indeed, the deletion of Hif-1α in amacrine and horizontal cells (Ptf1a-Cre Vhl f/+ Hif-1α f/f ) phenocopies the intermediate plexus defects seen in both Hif-1α or Vegfa mutants at P12 (Supplemental Figure 6 , A and B) and P23 (Figure cells can regulate local blood supply in vivo and thereby promote photoreceptor homeostasis. We demonstrate that the key source of VEGF in the INL to regulate intermediate plexus development likely comes from the amacrine cells, and gain-of-function or loss-of-function of VEGF in amacrine cells induces marked defects in visual function and rod-and cone-driven signaling. These observations may have broad applicability for neurovascular unit physiology in the CNS and may also inform future therapies that target the neurovascular unit to treat not only blindness, but also a host of debilitating neurodegenerative and neurological diseases.
Results
Amacrine and horizontal cells form neurovascular units with capillaries in the intraretinal plexuses. The retinal neuronal and vascular networks are depicted in Figure 1A 13, 14) . We combined genetic labeling and immunofluorescence techniques to confirm that Cre-recombination occurs in amacrine cells by probing P23 Ptf1a-Cre R26 tdTomato/+ retinas with amacrine cell-specific antibodies (Supplemental Figure 2 , B-D). Then we performed immunohistochemistry on P23 Ptf1a-Cre R26 tdTomato/+ retinas with antibodies that recognize the intermediate form of neurofilament (NF-M) -a marker for ganglion, amacrine, and horizontal cell axons (15) -or microtubule-associated protein 2 (MAP-2) -a marker for neuronal dendrites. Using this approach, we were able to more clearly visualize the extent of colocalization of the amacrine and horizontal cell arbors, and the vasculature in the IPL (Figure 1 Amacrine cell-and horizontal cell-derived VEGF is essential for neurovascular-unit formation in the IPL. We first confirmed that mRNA for the proangiogenic cytokine Vegfa is broadly detectable in the INL at P12 when the intraretinal vasculature is developing (Figure 2A) . To determine the contribution of amacrine cell-and horizontal cell-derived VEGF, we first combined floxed Vegfa (Vegfa f/f ) (16) and Ptf1a-Cre alleles in transgenic mice and analyzed the vascular phenotype. While the deletion of Vegfa from amacrine and horizontal cells substantially reduced Vegfa transcript levels in the INL (Figure 2A Figure 6C ). Vhl is haplosufficient, but when both copies are deleted, Hif-1α and Hif-2α become dominantly stabilized and Figure 6M) .
Genetic ablation of amacrine and horizontal cells phenocopies the effects of Vegfa deletion. To confirm that amacrine and horizontal cells can regulate development of the intraretinal vasculature, we performed genetic techniques designed to selectively ablate both cell types. This was accomplished by crossing Ptf1a-Cre mice with a mouse strain in which the human diphtheria toxin receptor (iDTR) is knocked into the ROSA26 locus (R26 iDTR ) (Supplemental Figure 7A ). Using this technique, inducible and selective genetic ablation of 82.4% of amacrine cells (89.3 ± 17.8/0.1mm 2 in controls vs. 15.7 ± 4.9/0.1mm 2 in mutants) and 87.9% of horizontal cells (4.5 ± 1.1/0.1mm 2 in controls vs. 0.5 ± 0.5/0.1mm 2 in mutants), and a significant decrease in synaptic density in the IPL, occurred 10 days after diphtheria toxin (DT) administration ( Figure 5 , A-E). The reduction in the number of amacrine cells induced profound attenuation of the intermediate plexus, but not of the superficial or deep plexuses, compared with controls ( Figure 5 , F and G). The same phenomenon was observed when amacrine or horizontal cells were ablated starting at P6, before formation of the deep plexus (Supplemental Figure 7 , B-G). We also induced ablation in adult mice and examined the vasculature 3 months after DT administration. In adult mice, we observed a significant decrease in vascular density in the intermediate plexus, but not in the superficial or deep plexuses, indicating a role for vascular maintenance and not just development ( Figure 5 , H and I). We also recorded light responsiveness (a-waves and b-waves) in DT-treated Ptf1a-Cre R26 iDTR/+ and Ptf1a-Cre R26 +/+ mice. Functional analyses using full-field electroretinography (ERG) revealed a significant reduction in the b-waves (negative ERG) of Ptf1a-Cre R26 iDTR/+ mice (Supplemental Figure  7H ), collectively indicating that amacrine cells are required for both development and maintenance of the intermediate plexus, and for propagation of the rod-and cone-driven pathways in adult stages.
Intermediate plexus abnormalities are associated with loss of visual acuity. To determine the importance of neurovascular units in the IPL for visual function, ERGs were performed on the Vegfa or Vhl mutants to measure the integrity of the photoreceptors (negative a-wave) and of the second-and third-order neurons (positive b-wave) in either dark-adapted (scotopic) or light-adapted (photopic) animals. Significant reductions of both scotopic (rod-driven) and photopic (cone-driven) responses ( Figure 6A) , and significantly reduced optokinetic reflexes were observed in Ptf1a-Cre Vegf f/f mice (Supplemental Figure 8 ). Significant reductions in scotopic (rod-driven) responses were also detected in Ptf1a-Cre Vhl f/f mice ( Figure 6B ). Importantly, neither manipulation induced neurovascular uncoupling in the INL (Supplemental Figure 9 ). TUNEL assays, basic ultrastructural examinations, blood tests, weight measurements, and immunohistochemistry in longitudinally monitored mutant mice showed no obvious evidence of increased cell death, neuronal development/synaptic densities, or changes to the diabetic status of the mutants, since Ptf1a-Cre is active in the pancreas (Supplemental Figures 10-12 ). Collectively, these results suggest that either attenuated or potentiated amacrine cell-and horizontal cellderived VEGF expression disrupts vision.
Finally Figure 13D ). These findings highlight a critical role for amacrine cells, promoting photoreceptor homeostasis and function through vascular maintenance of the intermediate plexus.
Discussion
There is mounting evidence that retinal neurons, including ganglion cells and photoreceptors, act as oxygen and nutrient sensors that can drive and regulate angiogenesis; ganglion cells can even act as rheostats to fine tune VEGF availability (3, 4, 17) . However, the roles of other neurons to facilitate growth and maintenance of the deep retinal vascular layers are not completely understood. Oxygen consumption increases at distinct time points during development as neurons are born and mature. This results in localized zones of hypoxia in the developing retina. In P15-staged rats (just prior to eye opening), the intermediate vascular plexiform layer is underdeveloped and oxygen consumption is very low in the inner retina (18) . During these stages of mouse development, HIF-1α levels are very high in the retina (6, 8) and VEGF is broadly, albeit transiently, detectable throughout the INL (19) . Earlier reports suggested that Müller glia were the primary source of VEGF in the inner retina (19) ; however, conditional deletion of Vegfa in Müller glia cells did not affect the vasculature (20) . In this study, we used genetic ablation strategies to show that amacrine cell-derived VEGF (perhaps more specifically VEGF 188 ) is essential for regulating intermediate plexus development, although other factors including adrenomedullin, angiogenin, or EPO may also contribute. This conclusion is based on the observation that interactions between amacrine cells and the capillaries are extensive, and that : 50 μm (B, F, and H) . jci.org Volume 125 Number 6 June 2015
peutically control VHL/HIF-1α/VEGF signaling in amacrine cells may represent a therapeutic intervention for treating degenerative conditions that lead to vision loss.
Methods
Mouse lines. Transgenic mice expressing Cre recombinase under Ptf1a (Ptf1a-Cre mice) (30) were mated with Vhl fl/fl (31) , Hif-1α fl/fl (32) , or Hif-2α fl/fl (33) , Vegf fl/fl (16) , Pde6b rd10/rd10 (rd10), and Rosa26 iDTR/+ (C57BL/6-Gt(ROSA)26Sor tm1(HBEGF)Awai /J) (34) (14) for Ptf1a-specific membrane expression. We screened mice in our colony for retinal degeneration slow (rds), rd1 and rd8 mutations. Genotyping was performed by Transnetyx Inc. Electron microscopy. For scanning electron microscopy, lightly fixed retinas (buffered paraformaldehyde) were fixed overnight in 2.5% glutaraldehyde in 0.1M Na cacodylate buffer pH 7.4. Cross sections were prepared with a #11 scalpel blade, then washed with buffer, postfixed in 1% osmium tetroxide, washed in 0.1 M cacodylate buffer, washed with distilled water, and then dehydrated in series of graded ethanol. The tissues were then treated with hexamethyldisilazane (HMDS) (Electron Microscopy Sciences) as a substitute for critical point drying, dried and mounted onto SEM stubs with carbon tape, and sputter coated with 4nm of Iridium (EMS model 150T S) for examination on a Hitachi S-4800 SEM (Hitachi). For transmission electron microscopy, the analysis was carried out as described previously (23) . Eye cups were fixed in 4% paraformaldehyde plus 1.5% glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at 4°C, followed by rinsing in 0.1 M Na cacodylate buffer for 1 hour. Eye cups were postfixed in 1% osmium tetroxide in 0.1 M Na cacodylate buffer for 2 hours, then dehydrated in graded ethanol solutions. The tissues were incubated overnight in a 1:2 mixture of propylene oxide and Epon/Araldite (Sigma-Aldrich) and placed in 100% resin, followed by embedding. The blocks were sectioned and used for high-magnification electron microscopy analysis.
In vivo imaging. The fundus images of mice were captured using a Micron III platform (Phoenix Research Laboratories). SD-OCT was performed using an Envisu device (Bioptigen). Averaged SD-OCT scans were exported to Adobe Photoshop CS6 (Adobe Systems Inc.) for quantitative analysis. Manual segmentation using the Adobe Photoshop CS6 ruler instrument was used to accurately measure retinal layers (ganglion cell layer [GCL]/IPL and INL). The different retinal layers were plotted in ± 15 mm increments for up to ± 60 mm from the optic nerve head. Mice were anesthetized by intraperitoneal injection of 15 mg/kg ketamine and 7 mg/kg xylazine, and perfused with indocyanine green (ICG) (50 μg/g body weight). Pupils were dilated with 1% tropicamide and 2.5% phenylephrine immediately prior to imaging.
Immunofluorescence. Whole-mount preparations were performed after removing the cornea, lens, retina pigment epithelium, choroid, and sclera as previously described (36, 37) . Immunostaining of cryosections or vibratome sections (100 μm) was carried out as previously described (36) . The following primary antibodies were used in this study: CD31 (catalog 553370, BD Biosciences), calbindin D-28K (catalog AB1778, Millipore), synaptophysin1 (catalog 101 011, Synap-
The onset of hypoxia and intermediate plexus formation in the INL correlates well temporally with the timing of synaptogenesis and the maturation of amacrine cells. At P10-P12 stages in mice (a few days prior to eye opening), when the intermediate plexus forms, all of the key events of synaptogenesis have been initiated. Amacrine cells are properly sublaminated but are still actively remodeling their lateral connections to form mature circuits. This occurs as the amacrine cells disassemble their immature cholinergic networks and generate mature ionotropic glutamate-based synapses. As the density and size of the IPL increases and the metabolic demands change, HIF-1α/VEGF signaling in amacrine cells drives angiogenesis from the deep plexus. Perturbations to VEGF signaling through Ptf1a-Cre-induced Vhl deletion result in a highly convoluted and unusually dense intermediate plexus, since the sprouting vessels from the deep plexus are attracted to a temporally inappropriate, ectopically localized, VEGF gradient.
We report here a function for amacrine cells, generating VEGF for vascular maintenance, photoreceptor homeostasis, and visual function. Amacrine and horizontal cells were previously thought to be required only for preprocessing and integrating visual stimuli. Our findings demonstrate that dysregulated Vegfa expression in amacrine and horizontal cells causes retinal microvascular deficits that induce loss of visual acuity. Additionally, we have observed that photoreceptor atrophy occurred earlier and faster in 2 animal models of human retinal degeneration, one of which was presented in this paper, after deleting Vegfa in amacrine cells. Finally, it has been reported that in an animal model of diabetic retinopathy, VEGF inhibition increased amacrine cell apoptosis (21) . These findings not only demonstrate the importance of amacrine cells, but they also add to a growing body of evidence that chronic VEGF antagonism in the eye -the preferred therapeutic strategy for treating neovascular age-related macular degeneration -could elicit substantial off-target effects, leading to visual dysfunction (22) (23) (24) .
This work also shows that the attenuation of the intermediate and deep vascular plexuses negatively affects retinal physiology. This concept is supported by recent evidence suggesting that neuronal dysfunction and neurodegeneration are tightly correlated with microvascular dysfunction. Microvascular dysfunction and breakdown of the blood-retinal barrier in the retina are characteristic of retinal neurodegenerative disorders, such as retinitis pigmentosa and diabetic retinopathy (11, (25) (26) (27) . IPL thinning and retinal amacrine neuronal dysfunction are observed in diabetic patients (27, 28) . Attenuation of the intraretinal vasculature is also highly correlated with progression of vision loss in retinitis pigmentosa (11) , and our data strongly suggest that amacrine cell loss or dysfunction and ensuing intermediate plexus attenuation can accelerate photoreceptor atrophy in a murine model of the disease. Furthermore, preclinical experiments in rodent models of retinal degeneration have provided proof-of-concept evidence that stabilization of the intraretinal vasculature can retard photoreceptor atrophy (29) . Finally, in humans, efforts to rebuild or repair defective neurovascular units are being actively explored to prevent or slow neurodegeneration (1) ; studies like this one may inform those therapeutic strategies.
In summary, we have described a role for retinal lateral interneurons, providing critical neurotrophic support through vascular maintenance of the intermediate plexus. Learning TUNEL staining. TUNEL was performed using an In Situ Cell Death Detection Kit (Roche Diagnostics) according to the manufacturer's instructions. The quantification of TUNEL-positive cells was performed as previously described (41) . The sections were counterstained with DAPI.
Blood glucose and HbA 1C measurements. The blood glucose and hemoglobin A 1C (HbA 1C ) levels in the blood, which had been obtained from the mouse tail vein, were measured using the FreeStyle blood glucose monitoring system (Abbott) and the A1cNow rapid immuneassay (Bayer), respectively.
Ganzfeld ERG. ERG was performed according to procedures previously described (23, 36) . Mice were dark-adapted overnight before the experiments and anesthetized under a dim red light by intraperitoneal injection of 15 mg/kg ketamine and 7 mg/kg xylazine. Silver needle electrodes served as a reference (forehead) and ground (tail). Fullfield ERGs were recorded from the corneal surface of each eye after pupil dilation (with 2.5% phenylephrine and 1% tropicamide) with active contact lens electrodes (Mayo). A computerized system with an electronically controlled Ganzfeld dome was used (Espion E2 with Colordome; Diagnosys). In the dark-adapted condition (scotopic), we recorded rod and mixed cone/rod responses to a series of white flashes of increasing intensities (1 × 10 -5 to 50 cd·s/m 2 ). In the light-adapted condition (photopic), with a 30 cd/m 2 background, cone responses to 1-Hz (0.63 to 20 cd·s/m 2 ) and 30-Hz (3.98, 10, and 20 cd·s/m 2 ) flicker stimuli were recorded. All ERG responses were filtered at 0.3-500 Hz, and signal averaging was applied.
Evaluation of visual acuity. Visual acuity of the mice was assessed by the optokinetic response using the OptoMotry system (CerebralMechanics Inc.) according to procedures previously described (42) .
Statistics. Comparison between the average variables of the 2 groups was performed by 2-tailed Student's t test. P values < 0.05 were considered statistically significant.
Study approval. All animal experiments were carried out in accordance with the Scripps Research Institute's IACUC protocols.
